ABSTRACT: We studied nutrient deficiency of Baltic Sea phytoplankton, as indicated by C:N:P ratios in filamentous N 2 -fixing (diazotrophic) cyanobacteria and size-fractions of seston. Samples were collected during an annual cycle in the NW Baltic proper (1998, Landsort Deep) and in 2 summers in the central Baltic proper (1997 and 1998, Gotland Basin). Generally, seston C:N:P ratios in the top 20 m were close to Redfield values. There was a transient increase in the C:N ratio at the end of the phytoplankton spring bloom (to ~9 mol:mol), concomitant with the depletion of dissolved inorganic N (DIN), but not dissolved inorganic phosphorus (DIP), indicating that phytoplankton became N-limited at the end of the spring bloom. In early summer (May-June), seston C:N:P ratios indicated weak N limitation of the community of small phytoplankton. From June through summer, seston size-fractions <10 µm accumulated mainly C and N, resulting in a September peak in seston C:P and N:P ratios (201 and 23 mol:mol, respectively) in the surface water. This change occurred in parallel with an increase in C:P and N:P ratios of diazotrophic filamentous cyanobacteria to levels indicative of severe P limitation of cyanobacterial growth. This suggests that the cyanobacterial P demand and new N from their N 2 fixation caused a weak P deficiency also in non-diazotrophs. However, the small increase in seston N:P, as well as a seston C:N above the Redfield ratio, indicate that N and P are nearly colimiting for non-diazotrophs at the culmination of the cyanobacterial bloom in late summer.
INTRODUCTION
The elemental composition of oceanic seston (particulate matter) is considered to control ocean stoichiometry of N and P, at least over long time-scales (Redfield et al. 1963 , Falkowski & Davis 2004 , Klausmeier et al. 2008 . Knowledge of the variability of seston elemental composition, and its controlling factors, is needed to understand the global cycling of N, P and C (Klausmeier et al. 2008) . In marine seston, these elements generally occur in molar proportions close to C 106 :N 16 :P 1 , known as the Redfield ratio. This ratio has been widely implemented, e.g. for calculations of nutrient-based productivity and export, and to differentiate between N and P limitation of phytoplankton growth (e.g. Tyrrell 1999 ). The dissolved inorganic N:P ratio in oceanic deep-water is only slightly lower than the seston N:P ratio, mainly due to N losses by denitrification in oxygen-depleted zones (Deutsch et al. 2007 ). When mixed with surface waters, this N deficit stimulates N 2 fixation, which balances the oceanic N budget (Karl et al. 2002 , Deutsch et al. 2007 .
In contrast to the low variability of oceanic seston stoichiometry, the elemental composition of cultured phytoplankton is highly flexible and depends on their growth rate and the N:P supply ratio (Klausmeier et al. 2008) . Generally, P-and N-limited growth decrease cellular P and N content, respectively, giving high C:P or C:N ratios. Near maximal growth rates are only possible at elemental compositions approaching the the Redfield ratio, which led Goldman et al. (1979) to propose that ocean phytoplankton growth rates must be near maximal. The close coupling between phytoplankton stoichiometry and growth rate has also been used to propose thresholds in phytoplankton elemental ratios for indicating nutrient limitation (Healey & Hendzel 1980) . However, under natural conditions, there is not necessarily a simple relationship between phytoplankton stoichiometry on the one hand, and nutrient availability, system productivity and phytoplankton biomass on the other. In a situation of low nutrient availability, severely nutrient-limited species may be outcompeted, and the growth rates of species dominating under these conditions may still be close to maximal (i.e. slightly nutrient limited), with element ratios near Redfield values (Goldman et al. 1979 , Howarth 1988 , Sommer 1989 ). Nevertheless, Hecky & Kilham (1988) proposed the elemental composition of seston as a useful indicator of nutrient limitation and relative growth rates of phytoplankton communities, and this has been commonly used (e.g. Sommer 1991 , Hecky et al. 1993 , Elser et al. 1995 , Hochstädter 2000 . Deviations from the Redfield ratio are more common in lakes than in marine systems, suggesting more severe or more frequent nutrient limitation, predominantly by P, in lakes (Hecky & Kilham 1988 , Hecky et al. 1993 , see also Elser et al. 2007) . This is possibly a result of more frequent co-limitation by light in marine systems (Tett et al. 1985) , and may also be influenced by differences between systems in nutrient supply ratios (Klausmeier et al. 2008) .
In the present study, we investigated seasonal changes in the C, N and P composition of seston in the brackish Baltic proper (salinity 6 to 8), the largest basin of the semi-enclosed, non-tidal, temperate Baltic Sea. Here, an already low dissolved inorganic N:P ratio (DIN:DIP) in winter (Granéli et al. 1990 ) decreases further during the phytoplankton spring bloom, which removes much of the DIN stored above the permanent halocline in winter, but leaves considerable amounts of DIP unused (Rahm et al. 2000 , Larsson et al. 2001 , clear evidence of an N-limited spring bloom. After the spring bloom, the formation of a seasonal thermocline in late spring/early summer isolates an intermediate water mass with a very low inorganic N:P ratio (Sjöberg & Larsson 1996) , below the upper mixed layer and above the deeper, permanent halocline. Consequently, mixing events which add nutrients to the upper mixed layer will further drive phytoplankton towards N limitation, while atmospheric deposition, which is nearly devoid of P (Rolff et al. 2008) , will to some extent relax the N deficit (Larsson et al. 2001) .
The low DIN:DIP ratio in the winter is an important factor causing the recurrent summer blooms of diazotrophic (N 2 -fixing) filamentous cyanobacteria in the Baltic proper (Niemi 1979 , Kahru et al. 2007 ). These blooms are dominated by Nodularia spumigena and Aphanizomenon sp., and recent estimates suggest that their N 2 fixation contributes several times more N than previously estimated, and thus sustains much of the net production by the summer plankton community (Larsson et al. 2001 , Wasmund et al. 2005 ). Due to a substantial decrease in cellular P storage during the bloom (Larsson et al. 2001 , Walve & Larsson 2007 , the N 2 fixation is greater than would be indicated by estimates using the DIP supply to the upper mixed layer and the Redfield N:P ratio for cyanobacterial growth. In addition, N leakage from actively growing cyanobacterial cells may be an important N source for nondiazotrophs (Glibert & Bronk 1994 , Rolff et al. 2007 ). We hypothesize that inputs of new N from N 2 -fixing cyanobacteria will alleviate the N deficiency of nondiazotrophs, thereby increasing the community P demand until low P availability eventually reduces the growth rates of all phytoplankton. In the present study we used the elemental composition of size-fractionated seston to investigate plankton nutrient deficiency during an annual study in the northern Baltic proper (Landsort Deep) and on 2 summer cruises to the eastern Gotland Basin in the central Baltic proper.
MATERIALS AND METHODS
Sampling stations. In 1998, we sampled the Landsort Deep Station (Stn BY31, 58°35' N, 18°14'E; Fig. 1 19°42' E; 1998: 7 Aug, Stn T1, 57°36' N 19°21' E; 9 Aug, Stn BY15, 57°16' N 20°05' E) . Salinity, temperature and water column stratification. Salinity, temperature and density were measured with a CTD probe (SST Memory probe, Sea & Sun Technology), with readings every 0.5 m. Brunt-Väisälä buoyancy frequencies, N 2 = -g/ρ(δρ/δz), were calculated by obtaining mean density (ρ) and the change in density with depth (δρ/δz) over 3 successive depths. The Brunt-Väisälä frequency represents the strength of the density stratification and, therefore, the stability of the water column. Its frequency is maximal at the depth of maximum stability, and this depth was selected to represent the seasonal pycnocline depth.
Inorganic nutrients. At the Landsort Deep station, we collected water from 0, 5, 10, 15, 20, 25, 30, 40, 50, 60 ). Seston size-fractionation. Between 500 and 1500 l of water were pumped from 5 m depth (membrane pump Sandpiper PB1 1 ⁄ 2 -A, water flow 50 l min Water for analysis of total (unfractionated) seston was collected regularly directly from the intake, while <10 µm filtrate was collected from the barrel outlet, located near the top of the barrel to keep the nets submersed during filtration. When retrieved, the nets were gently shaken and rinsed from the outside with <10 µm water. The loss of particles from the nets during this process should contribute to the <10 µm fraction. To compensate for this bias, water was added from the barrel to the <10 µm filtrate according to the total pumped volume relative to the barrel volume. Subsamples (< 20 l) of the the <10 µm filtrate were gravity filtered through a 3 µm Nucleopore filter (Ø 293 mm). At the stations east of Gotland we also collected the filtrate from a 1 µm Nucleopore filter (Ø 293 mm).
In addition, we analysed total (unfractionated) seston elemental composition in pooled samples from Landsort Deep, collected from 0, 5, 10, 15 and 20 m depths with serial 5 l Niskin bottles.
Particles in intact seawater and in the <10, < 3 and <1 µm filtrates were collected on acid-washed, precombusted (400°C, 2 h) Whatman GF/F-filters (Ø 25 mm, nominal pore size 0.7 µm). Filtration suction was maintained at -25 mm Hg. The volumes filtered depended on the particle concentration in the water, and were usually 0.5 to 1 l for the unfractionated water samples, 0.7 to 1.2 l for the <10 µm filtrate, 1 to 2 l for the < 3 µm filtrate and 2.5 to 3 l for the <1 µm filtrate. The amount of material collected on the GF/F filters was similar for all size fractions. Two sets of triplicate filters (duplicate for 0 to 20 m pooled samples and from the 1997 cruise) were prepared for C, N and P analyses (see below). Filters were rinsed with NaCl solution (0.7%) and stored frozen (-20°C) in Eppendorf vials. Blanks were prepared by filtering a small volume (0.3 to 0.5 l) of Milli-Q water and rinsing with NaCl solution. Prior to analysis, filters were dried overnight at 60°C.
Seston collected on the nets was diluted in filtered (GF/F) seawater to a known volume (A vol ) and aliquots (B vol ) filtered onto GF/F filters, as above. The seston concentration in each size fraction was calculated as (A vol × C/B vol )/pumped volume, where C is µmol C on the filter.
The sum of C, N and P concentrations in the <10, 10-20, 20-40, 40-90 and > 90 µm size fractions usually agreed well with the concentrations found in the unfractionated water. However, on a few occasions during the spring bloom, P, and to a lesser extent N, was lost from the larger size fractions, as indicated by higher C:N and C:P ratios than in unfractionated water, while the smallest fractions had similar ratios.
Collection of cyanobacteria. Data on cyanobacterial elemental composition at the Landsort Deep in 1998 are from Larsson et al. (2001) . In short, we performed vertical hauls using a 90 µm WP2 zooplankton net, from the seasonal pycnocline (when absent from 15 m) to the surface. Zooplankton were removed in a light trap (a black funnel illuminated from below), where they concentrated at the bottom, while buoyant cyanobacteria floated to the top. After rinsing on a plankton net, subsamples of cyanobacteria were dried to constant weight at 60°C (ca. 3 d).
Analyses of seston and cyanobacteria. Seston C and N was analyzed on a Leco CHN-analyzer (CHN-900, 600-800-300, EDTA as standard). Seston C, N and P are equivalent to particulate organic fractions, as inorganic fractions are negligible. Filters were folded and wrapped in tin foils for C and N analysis. Samples for P analysis were combusted 2 h at 500°C in 15 ml glass tubes and digested in 6 ml persulfate solution (50 g K 2 S 2 O 8 l -1 + 30 ml H 2 SO 4 l -1 , 1 h, 120°C). After addition of 4 ml 1.6 M NaOH, the samples were analyzed for molybdate-reactive orthophosphate with flow injec-tion (Lachat Instruments, slightly modified QuickChem Method 31-115-01-3-A). Blanks were carried through the same procedure. Standards were prepared by adding stock phosphate solution to vials before digestion.
Chlorophyll a. Subsamples of fractionated water (see above) were filtered on GF/F-filters (Ø 47 mm), which were kept frozen (-20°C) until analysis. After grinding the filter with a Teflon piston (Millipore) in 90% acetone, and extraction for 2 h at room temperature, chlorophyll a (chl a) was determined spectrophotometrically (SIS-standard SS028146).
Phytoplankton. On each sampling occasion an integrated phytoplankton sample (0 to 20 m) was collected with a plastic tube (inner diameter 1.9 cm). The lower end, equipped with a weight, was gently lowered to 20 m depth; the tube was then closed at the upper end, retrieved and emptied into a bucket. A 200 ml subsample, siphoned from the bucket while stirring, was preserved with 0.8 ml of Lugol's iodine (I 2 KI) solution supplemented with acetic acid. Phytoplankton samples were also taken from the filtrates of the different sizefractions. After settling in a 10 to 50 ml settling chamber, phytoplankton were counted using a Nikon inverted microscope with phase contrast (10 to 40 × objective), according to the HELCOM (1988) guidelines. This method counts all phytoplankton cells larger than about 2 µm, including colonial, but not single-celled, picocyanobacteria. Biomasses were estimated by multiplying the cell numbers with speciesspecific mean cell volumes, determined from measurements. Vacuoles were excluded from diatom cell volumes. A factor of 0.11 pg C µm -3 was used to convert volume to carbon, except for armoured dinoflagellates (0.13 pg C µm -3 ). Statistical analyses. Statistical tests were performed with Statistica for Windows (Statsoft). The non-parametric Wilcoxon matched pairs test was used to analyse differences in seston stoichiometry between depths. The Mann-Whitney U -test was used to compare Gotland Basin samples from different years. Linear regression was used to relate seston stoichiometry to cyanobacterial stoichiometry.
RESULTS

N 2 -fixing cyanobacteria at Landort Deep
In 1998, Aphanizomenon sp. was present year-round at the Landsort Deep station, and it dominated the biomass of filamentous N 2 -fixing cyanobacteria (Larsson et al. 2001 ; Fig. 2A ). Significant quantities of Nodularia spumigena occurred only in July and early August, and other filamentous genera were virtually absent.
During the bloom, filamentous N 2 -fixing cyanobacteria increased their share from < 2 to 42% of the phytoplankton biomass derived from conventional microscopic counts, which included colonial but not singlecelled picocyanobacteria ( Fig. 2A ).
The C:N:P ratios of the filamentous N 2 -fixing cyanobacteria in 1998 were presented in Larsson et al. (2001) and are described briefly here, with information on dry weight specific element content added. In winter and spring, the cellular P content was high (up to 3.4% of dry weight; Fig. 2B ), resulting in low C:P and N:P ratios (32 and 7 mol:mol; Fig. 2C ). The P content decreased during June and July, and the lowest P content (0.3% of dry weight) and highest C:P (423) and N:P ratios (65) in the filamentous cyanobacteria were found in the early September biomass peak, consisting of 80% Aphanizomenon sp. and 20% Nodularia spumigena ( Fig. 2A, C) . After the peak, the C:P and N:P ratios in Aphanizomenon sp. remained relatively high ( ) estimated from microscopic counts of total phytoplankton (excluding single-celled picocyanobacteria) and the filamentous N 2 -fixing cyanobacteria Aphanizomenon sp. and Nodularia spumigena; (B) C, N and P content (% of dry weight [DW]) of these cyanobacteria; and (C) their molar C:N:P ratios until the DIP concentration increased in the autumn, when the Aphanizomenon sp. cells largely restored their cellular P content to that of the previous winter (Fig. 2B ). The C:N ratio was much less variable and increased from well below the Redfield ratio of 6.625 in spring to just below the Redfield ratio at the time of the biomass peak (Fig. 2C) . On 28 July the C and N contents were low, probably due to incomplete removal of salt from the samples (Fig. 2B ), but the C:N ratio appeared reasonable compared to other sampling occasions (Fig. 2C) .
Dissolved nutrients and seston stoichiometry at Landsort Deep
Compared to the Redfield ratio, there was a clear excess of DIP relative to DIN in winter (Fig. 3A) . In late March, phytoplankton biomass ( Fig. 2A ) and seston C, N and P concentrations ( Fig. 4A-C ) increased rapidly until DIN was depleted in late April, but more than a third of the DIP winter storage remained available in the top 20 m of the water column. During most of the spring bloom, the seston C:N ratio was only slightly higher, the C:P ratio was close to, and the N:P ratio was slightly below the Redfield ratio (Fig. 4D-F) . At the seston peak in late April we recorded the highest seston C:N ratio (~9) in the top 20 m of the water mass (Fig. 4D) . The 5 m sample, collected every second week, was missing on this occasion (Figs. 4 & 5) , but in early May, 2 wk later, the 5 m sample had a similar C:N ratio to the 0 to 20 m sample.
During the initial phase of the spring bloom, much of the seston was found in size fractions larger than 10 µm, with a shift towards smaller particles as the bloom progressed (Fig. 5 ). This was mirrored by a succession from diatoms to dinoflagellates. From midApril until the seston peak in late April, dinoflagellates made up ca. 80% of phytoplankton C (data not shown). The chl a concentration peaked earlier than seston C (Fig. 6 ), resulting in a low C:chl a weight ratio in early spring and a higher ratio towards the end of the spring bloom (Fig. 6) .
Following the collapse of the spring bloom, there was an increase in the < 3 µm size fraction of seston ( Fig. 5 ) and chl a (Fig. 6) , indicating dominance by small phytoplankton in May and June. The C:N ratio in seston < 3 µm was close to the Redfield ratio in midMay, increased to ca. 8 in early June and then declined in mid-June, concomitant with an increase in C:P and N:P ratios. During this period, DIP decreased gradually and by mid-June was finally depleted in the surface mixed layer, while DIN was continuously close to or below the detection limit down to at least 40 m depth (Fig. 3A , deep-water data not shown).
Throughout summer, the < 3 µm fraction generally held about half of the seston, and more than 80% of the seston passed a 10 µm filter (Fig. 5A) . Thus size fractions >10 µm held relatively little C, and were dominated by zooplankton and filamentous cyanobacteria in the > 90 µm size fraction. In summer, the highest concentrations of C and N, but not P, in unfractionated seston coincided with the peak in diazotroph biomass (Figs. 2B & 4A-C) . As a result, seston C:P and N:P ratios at 5 m increased from June (Fig. 4E, F) until early September. In seston from the top 20 m, the increase was smaller, indicating less C and N accumulation in the lower part of the 0-20 m depth interval (Fig. 4) . The C:P and N:P ratios in the < 3 µm and the <10 µm fractions (Fig. 5E, F) followed the pattern of the unfractionated seston in summer and also correlated with the cyanobacterial C:P and N:P ratios (Table 1) . C:P and N:P ratios of seston <10 µm peaked at higher values than in the seston < 3 µm fraction (Fig. 5 ). C:P and N:P ratios of the 3-10 µm fraction (calculated from the dif- ference between <10 and < 3 µm concentrations) were near Redfield values in early summer (mean ± SD, 140 ± 22 and 15.5 ± 2.6, respectively, n = 4) and increased in late summer (217 ± 43, 21.7 ± 5.3, n = 5). As in spring, C:N ratios in summer varied over a fairly limited range (6.9 to 9; Fig. 4D ). C:N ratios were higher at 5 m than in the 0-20 m layer (p < 0.01, Wilcoxonmatched pairs test, from 18 May onwards), and showed a slight tendency to increase as summer progressed, which was not the case in the 0-20 m samples (Fig. 4D) . The highest C:N ratio was found in the 3-10 µm fraction (mean ± SD, 9.7 ± 1.27, n = 9; 9.3 ± 0.43 if 1 outlier is excluded). The C:N ratio in the >10 µm fraction (6.5 ± 1.54), calculated as difference between the unfractionated total seston and <10 µm fraction, was clearly lower than the C:N ratio in the 3-10 µm size fraction. This value for the >10 µm fraction was consistent with the C:N ratio calculated from the summed net fractions >10 µm (10-20, 20-40, 40-90 
Estimates of biomass in seston at Landsort Deep
Conventional microscopic counts (0-20 m integrated samples, Fig. 2A ) indicated that, on average, 20% (range = 6 to 61%) of the seston C was phytoplankton biomass (this includes colonial, but not single-celled picocyanobacteria). Phytoplankton biomass contributed on average 30% (20 to 61%) of total seston C in spring, 17% (6 to 28%) in early summer, 15% (10 to 30%) in late summer. Single-celled autotrophic picoplankton were not counted, but their biomass can be estimated roughly from the chl a content of the < 3 µm fraction at 5 m depth. Assuming a rather conservative C:chl a ratio of 40 (Calvo-Díaz et al. 2008 ) and a similar contribution of the < 3 µm fraction in the integrated as in the 5 m sample (~10% of total chl a in spring, 54% in early summer and 45% in late summer), picoplankton contributed approximately 8% of total seston C in spring and 15% in summer. C from heterotrophic bacteria (data from Johansson et al. 2004 ) accounted for an additional 9% (3.5 to 17%), with the lowest value in spring (3.5 to 5%), intermediate in early summer (6.5 to 11%) and highest in late summer (9.2 to 16%). Irre- 
Eastern Gotland Basin in the summers of 1997 and 1998
Weather conditions differed greatly between the 2 summer cruises to the eastern Gotland Basin. The summer of 1997 was warm and calm, while that of 1998 was cold and windy, with water temperatures in the top 10 m around 19°C in 1997 and 15°C in 1998. The mixed layer depth was ~15 m in both years but the stratification was weaker in 1998. In general, the relative particle size distribution and element composition was similar between stations and years, the main difference being a higher seston concentration in the <10 µm size fraction in 1997 (Fig. 7) . Seston concentrations were low in all fractions >10 µm, except > 90 µm, which included cyanobacteria and zooplankton. The C:N ratios were near the Redfield ratio in the smallest and largest particles, and above the Redfield ratio in particles of intermediate sizes. C:P and N:P ratios increased with particle size from near Redfield ratios in the smallest fraction to several times the Redfield ratios in the largest size fractions (Fig. 7) . For size fractions >10 µm, this was at least partly due to the presence of filamentous cyanobacteria, since microscopic examination showed that they contributed approximately 60% of the C content in both the 40-90 and > 90 µm fractions, while the contribution in the 10-20 and 20-40 µm fractions ranged from 6 to 30%. The <10 µm fraction, which in the Gotland Basin was sampled more often than the other fractions, had somewhat lower C:N, C:P and N:P ratios in 1998 (mean ± SE, 7.7 ± 0.2, 140 ± 3 and 18.0 ± 0.1, respectively, n = 5) compared to 1997 (8.9 ± 0.2, 171 ± 4 and 19.2 ± 0.2 respectively, n = 8; Mann-Whitney U -test, p < 0.01). This difference was mainly due to particles in the 3-10 µm fraction (Fig. 7) .
DISCUSSION
Inferring nutrient limitation of phytoplankton growth rate from bulk seston stoichiometry is not straightforward. Phytoplankton elemental ratios may be distorted by the presence of terrestrial detritus, which commonly has high C:N and C:P ratios (Hecky et al. 1993) . Detritus originating from plankton may also pose a problem, if its C, N and P contents are mineralised at different rates. However, several authors (Harris 1986 , Sommer 1989 , Hecky et al. 1993 have concluded that the influence of detritus on seston C:N:P ratios is normally minor, or even absent, in large lakes and oceans. We expected little influence from terrestrial detritus, since seston was collected in the open Baltic Sea proper. Here, the water residence time above the halocline is many years (Wulff et al. 2001) , while the turnover time of particulate matter is only weeks (estimated from phytoplankton primary production and seston C concentration). It is possible that a high proportion of detritus may explain the high C:N and C:P ratios found in winter, prior to the onset of the spring bloom (Fig. 5 ), but we suspect that these ratios may be flawed due to very low seston C, N and P concentrations. During spring and summer, the estimates of biomass indicated that ~40% of seston C could be attributed to phytoand bacterioplankton, irrespective of season.
Clear differences in seston stoichiometry between oceans and lakes were demonstrated by Hecky et al. (1993) , who concluded that ocean plankton is not as Nor P-deficient as lake plankton. As typical for marine sites, we found average seston element compositions in the upper 20 m of the brackish northern Baltic Sea proper to be very similar to Redfield ratios during most of the year (mean ± SD, C:N = 7.2 ± 0.5, C:P = 113 ± 15, N:P = 15.6 ± 2.0). The largest deviations occurred at the end of the spring bloom (C:N) and near the late summer cyanobacterial biomass peak (C:P and N:P). However, at 5 m depth, approximately the depth of maximum photosynthesis, ratios were higher than Redfield, indicating depth-related differences within the top 20 m of water. Much of the summer variability in the DIP concentration in the top 20 m was related to the position of the summer pycnocline in relation to the lower end of this depth interval (Fig. 3) , thus reflecting nutrient conditions in the water below the pycnocline, which was usually rich in DIP and low in DIN. In the deeper parts, light-limited growth and higher nutrient Table 1 . Regression statistics for elemental ratios in filamentous cyanobacteria (independent variable) and seston size fractions (dependent variable). Values included are from summer: 2 June to 24 September (no cyanobacterial data 18 May), n = 7 availability will allow phytoplankton to grow under nutrient saturated conditions (Tett et al. 1985) , and possibly store nutrients in excess of immediate growth demands.
Spring period
In spring, significant chl a concentrations (1 to 2 µg l -1 ) were observed down to 40 m depth (data not shown), far below the compensation depth, where photosynthesis equals respiration. Primary limitation by light may explain why the seston elemental composition at first remained close to Redfield ratios, with seston C:N close to, and C:P and N:P only somewhat below the Redfield ratios (Fig. 4) . This indicates low nutrient storage capacity of the dominating diatoms and dinoflagellates, or a growth rate high enough to balance nutrient uptake. Only Aphanizomenon sp., which was present in low abundance in spring, accumulated large intracellular P reserves (Fig. 2) , probably due to slow growth, limited by temperature and/or light (Walve & Larsson 2007) . Prior to the collapse of the spring bloom, there was a clear but transient increase in the seston C:N ratio in the 0-20 m layer (to ca. 9, note that samples at 5 m depth are missing on this occasion, Figs. 4D & 5D) . The high C:N ratio was associated with the spring peak in seston C concentration, a second peak in phytoplankton biomass (Fig. 2) and an increased seston C:chl a-ratio (Fig. 6) . How- ) and molar C:N:P ratios in seston size fractions (5 m depth) at closely situated stations in the eastern Gotland Basin: (A,D) Stn A1, 30 July to 6 August 1997; (B,E) Stn T1, 7 August 1998; and (C,F) Stn BY15, 9 August 1998. Error bars are (A,D) + SD of 4 (>1, 1-3 and 3-10 µm), 3 (10-20, 20-40, 40-90 µm) and 2 (> 90 µm) independent fractionations, or (B,E) range of 2 (<1, 1-3, 3-10 µm) or + SD of 3 (all >10 µm) independent fractionations ever, the ratio of phytoplankton to seston C remained unchanged, indicating a constant proportion of detritus during this final phase of the spring bloom. A C:N ratio > 9 can indicate a clear reduction in growth rate (Goldman 1980) , and Healey & Hendzel (1980) suggested a C:N ratio > 8 to indicate moderate N limitation. N limitation is consistent with the low DIN:DIP ratios prior to the onset of the spring bloom and the depletion of DIN not only in the top 20 m, as shown in Fig. 3A , but also down to 40 m depth, while some DIP was left unused. That cells were P-sufficient is clear from the low seston N:P and C:P ratios. There is no indication that grazing caused the collapse of the spring bloom, as there were very few large grazers present, and estimated grazing by ciliates, which peaked in response to the spring bloom, was low relative to phytoplankton production (Johansson et al. 2004) . The increased seston C:N ratio in spring was not the result of a shift from diatoms to dinoflagellates, since this shift occurred earlier during the spring bloom. A similar increase in seston C:N ratio (to ~10), was observed by Lindqvist & Lignell (1997) at the end of a Baltic proper spring bloom, also dominated by dinoflagellates. They demonstrated an unusually high proportion of lipid synthesis in this period, which they assumed to be a response to nutrient limitation since it was reduced by experimental nutrient addition.
Early summer period
In early summer (May-June), the presence of significant DIP concentrations in the near absence of DIN indicated phytoplankton N limitation, at least initially. The C:N ratio in the < 3 µm fraction was then near Redfield, but later became slightly elevated in the 5 m samples (C:N ~ 8, highest in the <10 fraction), indicating weak N limitation of phytoplankton growth rate according to the criteria of Healey & Hendzel (1980) . Alternatively, it is possible that the C:N ratio is relatively rigid for the dominating phytoplankton species (mainly picoplankton < 3 µm and small flagellates 3-10 µm). However, many studies indicate a high growth and turnover rate of small plankton in nutrient recycling ecosystems (Dugdale & Goering 1967 , Eppley & Peterson 1979 . Control of small phytoplankton biomass mainly by zooplankton and protist grazing, together with the great importance of recycled nutrients from grazers (Sörensson & Sahlsten 1987) , may explain why growth rate limitation by N is weak, as indicated by elemental C:N ratios in the early summer period. Growth rates near maximum, i.e. only slight growth rate nutrient limitation, can also be consistent with nutrient limitation of biomass (Liebig-type limitation) (Goldman et al. 1979) . Indeed, nutrient enrichment and dilution experiments in the coastal zone of the northern Baltic proper indicate N limitation of phytoplankton biomass rather than of growth rate during the P-replete early summer period. Lignell et al. (2003) also found low seston C:N and N:P ratios during this period. Lindqvist & Lignell (1997) likewise found an efficient channelling of fixed carbon into N-rich proteins at this time of year, indicating only slight N limitation of growth rate.
Late summer period
From July, seston C:N ratios were somewhat elevated at 5 m depth (Fig. 5) , indicating weak (< 3 µm fraction) to moderate N limitation (3-10 µm fraction). However, starting in late June, C:P and N:P ratios at 5 m depth gradually increased in all size fractions, and reached maximum values at the biomass peak of N 2 -fixing filamentous cyanobacteria in early September. This could not be attributed directly to filamentous cyanobacteria, since microscopic examination showed that usually much less than 10% of the filamentous cyanobacterial biomass passed through the 10 µm net and that no filaments passed through the 3 µm filter. Filamentous cyanobacteria contributed <1% to seston C in the <10 µm fraction. At the cyanobacterial biomass peak, the <10 µm seston C:P ratio at 5 m depth was 201, which is above the threshold of 129 proposed by Healey & Hendzel (1980) for moderate P limitation (severe limitation: C:P = 258). The N:P ratio of 23 in the <10 µm fraction just exceeded the proposed P limitation threshold of 22, and at the same time the C:N ratio just exceeded the threshold for moderate N limitation (C:N = 8.3; severe C:N = 14.6). We suggest that the increase from near Redfield seston C:P and N:P ratios in fractions <10 µm in early summer to higher ratios in late summer was the result of an increased growth of diazotrophs, which intensified competition for P following the depletion of the DIP pool. Our data on the chemical composition of filamentous cyanobacteria indicate they are N-sufficient (C:N ≤6.6) throughout their growth period, but become severely P-deficient at the biomass peak (C:P > 400) (see Larsson et al. 2001 , Walve & Larsson 2007 . The progressive increase in P deficiency during their growth period is likely to gradually reduce growth rate to only a few percent of their maximal rate (Healey 1982) at bloom culmination. We argue that P depletion is the likely cause of growth termination, which is supported by nutrient addition experiments by Granéli et al. (1990) and Moisander et al. (2003) . Consequently, cyanobacteria will compete fiercely for P, as shown by Nausch et al. (2004) , who found much higher plankton P uptake rates and alkaline phos-phatase activity in late summer during cyanobacterial blooms than in early summer.
The competition for P is further aggravated by the new inputs of combined N from N 2 fixation. New estimates suggest that cyanobacteria supply large amounts of fixed N to the upper mixed layer during summer (Larsson et al. 2001 , Wasmund et al. 2001 , 2005 , Rolff et al. 2007 ). Most of this remains in the upper mixed layer and is seen as a build-up of total N; this is most likely responsible for the relatively large increase in seston C and N concentrations in the fractions <10 µm during the cyanobacterial bloom (Fig. 4) . This also indicates that newly fixed N is made available to other phytoplankton to alleviate their need for N (C:N ratios only moderately elevated, see below), which is supported by N isotope measurements of sizefractionated plankton (Rolff 2000 , Höglander 2005 . Excess fixed N may be released during growth (Capone et al. 1994 , Glibert & Bronk 1994 , Rolff et al. 2007 ) and/or stem from decomposition of old (high N:P) cyanobacterial colonies. Generally, most of the cyanobacteria are believed to decompose near the surface rather than being lost through sedimentation (Hoppe 1981 , Heiskanen & Kononen 1994 . As a result of the new N input, competition for P should increase further and eventually cause the collapse of the cyanobacterial bloom. This is consistent with the results of Lignell et al. (2003) , who found a positive response of chl a-normalized 14 CO 2 fixation and growth rates to P addition, indicating physiological P deficiency of the whole algal assemblage, during the cyanbacterial bloom. Similar to the present study, Lignell et al. (2003) found a seston N:P ratio during the cyanobacterial bloom of ca. 21 (< 40 µm fraction). This ratio decreased to the Redfield ratio when P was added; however, both N and P additions were needed to get a clear biomass response, indicating near colimitation .
The results from the eastern Gotland Basin in 1997 and 1998 support the conclusions for the late summer period, and also provide more detailed information (additional seston size fractions). Judging from data in Larsson et al. (2001) , we believe that a later stage of the bloom was sampled in 1997 than in 1998. However, the overall picture was very similar between stations and years. In the smallest size fraction (<1 µm), elemental ratios were close to Redfield values. Since this should contain mostly heterotrophic bacteria and single-cell picocyanobacteria, with relatively low C:P ratio of heterotrophic bacteria (Fagerbakke et al. 1996) , one would expect C:P and N:P ratios in picocyanobacteria somewhat above the Redfield ratios, as suggested by Bertilsson et al. (2003) . If some picocyanobacterial species are able to fix N (Mitsui et al. 1986 , Le Moal & Biegala 2009 ) in the Baltic Sea, this is not manifested in clearly elevated C:P and N:P ratios as in the filamentous cyanobacteria. Stal et al. (2003) found filamentous picocyanobacteria in the Baltic Sea, potentially capable of N 2 fixation, and Wasmund et al. (2001) reported N 2 fixation activity in the <10 µm size-fraction, suggesting N 2 fixation by non-heterocystous cyanobacteria. Many heterotrophic bacteria can also fix N 2 , but their contribution in the upper mixed layer is likely to be minimal since they require low oxygen concentrations when fixing N 2 (Boström et al. 2007 ). Thus, Pdeficient N 2 -fixing cyanobacteria in the fractions <10 µm could contribute to the summer increases in C:P and N:P ratios.
Nutrient addition experiments performed on the Gotland Basin cruises also showed rapid uptake of P also in the smallest seston fractions, resulting in a markedly lowered seston N:P ratio (to below Redfield), especially in 1997 (Kuuppo et al. 2003, J. Seppälä pers. comm.) . In 1997, additions of P alone sometimes stimulated phytoplankton biomass and primary production, but generally, combined N and P additions were needed, again indicating near co-limitation. N uptake was small if P was not added and P alone sometimes also stimulated bacterial production. In 1998, P deficiency was less pronounced and signs of N limitation more clear (chl a increase). Our data showed somewhat lower C:N, C:P and N:P ratios in 1998 than 1997 in the <10 µm fraction, supporting a less P-deficient status of phytoplankton in 1998. Co-limitation of N and P or transient P limitation should be most pronounced during well-stratified conditions and at a later stage of the cyanobacterial bloom, as in 1997, with lower P input from deep water and larger N input from decaying cyanobacteria.
CONCLUSIONS
In conclusion, the presence of clear N limitation in spring, indicated by the inorganic nutrient data, is confirmed by changes in the seston C:N ratio, but the changes were small and the period of elevated C:N ratio was short. The seston N:P ratio in spring was only slightly lower than the Redfield ratio despite an upper mixed layer DIN:DIP ratio well below the Redfield ratio in winter. Only filamentous cyanobacteria, which accumulate a substantial intracellular P storage in spring, displayed a very low N:P ratio. The P-replete early summer community also had a seston N:P ratio close to the Redfield ratio. In early summer, seston C:N stoichiometry indicated only weak nutrient limitation, probably due to a phytoplankton community of small cells with high turnover rate. In late summer, the high N:P ratio indicated that the slow-growing, and relatively little grazed, filamentous diazotrophic cyanobac-teria grow into clear P limitation. Periods of P limitation, or N and P co-limitation, of non-diazotrophs in late summer were probably due to compensation of new P inputs by N 2 fixation, performed by cyanobacteria with a high N yield relative to P demand. Still, extensive denitrification and efficient P recycling in the deep water seem to maintain a low overall N:P ratio in the Baltic proper (Vahtera et al. 2007 ). 
